Abstract The behavior of breast epithelial cells is influenced by their microenvironment which includes stromal cells and extracellular matrix (ECM). During cancer progression, the tissue microenvironment fails to control proliferation and differentiation, resulting in uncontrolled growth and invasion. Upon invasion, the ECM encountered by breast cancer cells changes from primarily laminin and collagen IV to primarily collagen I. We show here that culturing invasive breast cancer cells in 3-dimensional (3D) collagen I inhibits proliferation through direct regulation of cyclin E1, a G 1 /S regulator that is overexpressed in breast cancer. When the breast cancer cell line MDA-MB-231 was cultured within 3D collagen I gels, the G 1 /S transition was inhibited as compared to cells cultured on conventional 2D collagen or plastic dishes. Cells in 3D collagen downregulated cyclin E1 protein and mRNA, with no change in cyclin D1 level. Cyclin D1 was primarily cytoplasmic in 3D cultures, and this was accompanied by decreased phosphorylation of Rb, a nuclear target for both cyclin E1-and cyclin D1-associated kinases. Positive regulators of cyclin E1 expression, the transcription factor c-Myc and cold-inducible RNA binding protein (CIRP), were decreased in 3D collagen cultures, while the collagen I receptor b1 integrin was greatly increased. Inhibition of b1 integrin function rescued proliferation and cyclin E1 expression as well as c-Myc expression and Rb phosphorylation, but cyclin D1 remained cytoplasmic. We conclude that cyclin E1 is repressed independent of effects on cyclin D1 in a 3D collagen environment and dependent on b1 integrin interaction with collagen I, reducing proliferation of invasive breast cancer cells.
Introduction
Breast cancer is the most common cancer in American women and remains second only to lung cancer as the leading cause of cancer-related death among women. The information provided from traditional prognostic factors such as age, lymph node status, or tumor grade is often not precise enough to tailor cancer diagnosis and treatment effectively. A better understanding of breast cancer biology and identification of accurate prognostic indicators and predictors of response based on the underlying molecular biology could profoundly decrease metastatic death [1, 2] .
One important aspect of cancer biology is uncontrolled cell proliferation. Events affecting checkpoints that govern transit through the first gap phase (G 1 phase) of the cell cycle are observed frequently in human cancer. Cells are responsive to extracellular signals at G 1 phase to decide if cell division continues. Cyclin E1, as regulator of re-entry into G 1 from G 0 [3] and the G 1 to S phase (DNA synthesis) transition [4] , has been identified as a prognostic factor in breast cancer. Cyclin E1 is overexpressed in about 32% of breast tumors [5] where it is strongly predictive of poor patient outcome and has been implicated directly in breast cancer etiology [6] [7] [8] . Overall, a more detailed understanding of cyclin E1 function in breast cancer biology is needed in order to evaluate its potential as a therapeutic target, prognostic marker and/or predictive marker.
Mammary epithelial (ME) cells respond to signals from the extracellular matrix (ECM) by proliferating and differentiating into highly organized and polarized glands, but in neoplastic progression, the microenvironment is altered such that controls from the ECM are lost. The ECM primarily controls the expression of D-cyclins in early G 1 phase; however, cyclin E1 is also responsive to extracellular signals [9] [10] [11] . a 2 b 1 integrin, a receptor for collagen I and laminin, can stimulate expression of cyclin E1 and cdk2 as well as cyclin E1/cdk2 complex formation in ME cells in a collagen I-dependent and cyclin D1-independent manner [12] . Based on this and the fact that breast cancer cells directly encounter collagen I during invasion once the basement membrane is compromised [13, 14] , we set out to determine how a 3-dimensional (3D) environment composed of collagen I regulates cyclin E1.
The invasive ME adenocarcinoma cell line MDA-MB-231 was cultured either in conventional 2D monolayer on plastic or collagen I, or within a 3D collagen gel to mimic the environment that invasive breast cancer cells encounter as pericellular proteolysis begins. Our results demonstrate that b 1 integrin can inhibit the breast cancer cell cycle in a 3D collagen environment via negative regulation of cyclin E1, a very different outcome as compared to a 2D collagen environment.
Materials and methods

Cell culture
The human ME adenocarcinoma cell line MDA-MB-231 (HTB-26, \passage 20) and nontumorigenic human ME cell line MCF10A (CRL-10317, \passage 10) were obtained from American Type Culture Collection (ATCC, Manassas, VA), as were MCF-7 (HTB-22, \passage 20), Hs-578T (HTB-126, \passage 10), and SK-BR3 (HTB-30, \passage 10) cells. Collagen I was prepared from rat tails using established methods [15] and assessed for polymerization and cell viability. Cells were cultured in 2D monolayer on plastic dishes (2D P ), 2D monolayer on plastic dishes coated with a thin (\0.5 mm) layer of 2.5% collagen I (2D CI ), or 3D culture within intact collagen I (3D CI , 0.5 cm). 3D collagen cultures were prepared as described with modifications [16] . Collagen gelation was induced by incubating half of the collagen solution at 37°C for 1 h. Cells were suspended with the other half of liquid collagen and spread on top of the gelled layer. After incubation at 37°C for 1 h, complete medium was added. Medium was changed every 2 days, and cells were collected at 70-80% confluency for experiments.
Cell cycle analysis
For analysis of asynchronous cells, cells were grown for 48 h. Cells from 2D cultures were trypsinized and resuspended in complete media followed by brief centrifugation. 3D collagen cultures were treated with 100 U/ml highly purified collagenase (Collagenase VII, Sigma) for 20-30 min at 37°C. Cell pellets from the three culture conditions were analyzed by flow cytometry using Becton Dickinson FACScan (San Jose, CA) and CellQuest software. For analysis of synchronized cells, cells grown on 2D P and 3D CI to 50-60% confluence were synchronized in G 1 by serum deprivation for 48 h followed by 24-h treatment with 5 lg/ml aphidicolin. Synchronized cells were stimulated with serum and harvested at the indicated times. The experiments were repeated at least three times, unless otherwise noted in the figure legend.
Western analysis
Whole-cell lysates were resolved by 10% SDS-PAGE and transferred onto PVDF membranes. Membranes were blocked with 5% non-fat milk in TBS-0.05% Tween 20. Primary antibodies against cyclin E1, cyclin D1, HuR, and b-actin (Santa Cruz Biotechnology, Santa Cruz, CA); coldinducible RNA binding protein (CIRP) (Proteintech Group, Inc., Chicago, IL); Phospho-Rb (Ser780), total Rb and c-Myc (Cell Signaling Technology, Danvers, MA); and b1-integrin (BD Biosciences, San Jose, CA) were used. Blots were developed using SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). Images were captured using Kodak Image Station 4000MM (Kodak Molecular Imaging), and intensities were quantified by KODAK Molecular Imaging Software v4.0. All experiments were repeated at least three times, unless otherwise noted in the figure legend.
Real-time PCR
Total RNA was isolated using Trizol (Invitrogen, Carlsbad, CA). Reverse transcription was performed using oligo(dT) [12] [13] [14] [15] [16] [17] [18] or random hexamers (Invitrogen). cDNAs were amplified by real-time PCR using SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA). Relative quantification standard real-time PCR was carried out using an AB 7500 Fast Real-Time PCR System with these conditions: 10 min at 95°C, 40 cycles of 15 s at 95°C, 1 min at 60°C. Primers were: cyclin E1 and GAPDH as previously described [17] b1 Integrin function-blocking assay MDA-MB-231 cells grown in 3D collagen for 24 h were treated with media containing AIIB2, a b1 integrin function-blocking antibody [18] , for 2 h and then collected for Western or immunofluorescence analysis. AIIB2 (Developmental Studies Hybridoma Bank, Iowa City, IA), or IgG1 as a control were used at 0.24 mg/ml as this concentration efficiently blocked b1 integrin function in MDA-MB-231 cells grown in Matrigel [19] . The experiment was performed a minimum of three times.
Results
3D collagen culture inhibits cell cycle progression
To test if the ECM can control ME cell proliferation through direct regulation of cyclin E1, MDA-MB-231 breast cancer cells were cultured in 2D monolayer on plastic or collagen I, or within 3D collagen gels. We chose MDA-MB-231 cells because cyclin E1 is highly expressed in these estrogen-receptor negative, invasive cancer cells as compared to nontumorigenic ME cells, such as MCF10A [20] . While MCF10A cells express only full-length cyclin E1, MDA-MB-231 cells express both full-length and low molecular weight (LMW) isoforms, consistent with their tumorigenicity ( [21] , Fig. 2a ).
Cell cycle phase distribution was obtained by flow cytometry of asynchronized cells as shown in Fig. 1a . While 2D monolayer cells had a similar cell cycle profile, in 3D collagen G 1 phase cells increased by 5% while S and G 2 /M cells both decreased by 6%. There was also a significant increase in hypodiploid cells in 3D collagen (7.8%) as compared to 2D cultures (1%) indicating increased cell death. This was further confirmed by DAPI staining showing condensed and fragmented nuclei characteristic of apoptosis (data not shown). Cell cycle profile was also analyzed in cells synchronized at the G 1 /S border. Cells on 2D plastic were compared to cells in 3D collagen since 2D asynchronized cultures showed similar cell cycle profiles. Synchronized cells on 2D plastic completed an entire cell cycle within 20 h after serum stimulation (Fig. 1b, c) . In 3D collagen, there was a delay entering S phase (Fig. 1b,  c) . While 49% of cells cultured in monolayer had entered S phase by 4 h following serum stimulation, only 10% of cells cultured in 3D had done so. By 20 h, 47% of 3D cells were still in G 0 /G 1 while 41% were in S phase. Surprisingly, up to 72 h after serum stimulation the majority of 3D cells (45%) were still stagnant in G 1 /S and 14% of cells were hypodiploid (data not shown). These data showed that 3D collagen I significantly delayed the G 1 /S phase transition in synchronized cells.
Immunofluorescence analysis of Ki-67, a nuclear protein expressed by cells in all phases of the cell cycle but absent in resting (G 0 ) cells, was used to assess proliferation index in the three culture conditions. Figure 1d shows that 68% of cells on 2D plastic, 77% of cells on 2D collagen, and only 48% of cells in 3D were ? . These data suggest that a 3D environment composed of collagen I suppressed cell cycle progression by delaying entry into S phase and increasing the G 0 population.
3D collagen downregulates cyclin E1 without changing cyclin D1
Since a significant G 1 /S delay was observed in cells cultured in 3D collagen and cyclin E1 functions in the G 1 /S transition, we first examined potential effects on cyclin E1. The relative level of cyclin E1 (full-length and LMW isoforms) was determined by western blotting and quantitated after normalizing to b-actin (Fig. 2b) . Cyclin E1 was decreased by 56% in 3D collagen compared to 2D plastic (P \ 0.01) and 42% compared to 2D collagen (P \ 0.05), with no significant difference between 2D cultures. Consistent with these results, real-time PCR showed that there was no significant difference in cyclin E1 mRNA level between 2D cultures, while cyclin E1 mRNA was decreased by 71% in 3D compared to 2D plastic (P \ 0.01) and 59% compared to 2D collagen (P \ 0.01) (Fig. 2c) .
Thus, inhibition of G 1 /S transition was accompanied by cyclin E1 downregulation.
Cyclin D1 regulates entry into and progression through G 1 in response to the extracellular environment [22] by inactivating Rb, thus freeing E2F for cyclin E1 transcriptional activation. Therefore, we assessed cyclin D1 protein level. Cyclin D1 ran as a 37-kDa doublet, likely representing different splice variants [23] . There was no significant difference in cyclin D1 protein level between culture conditions (Fig. 2b) , showing that the decrease in cyclin E1 was not secondary to decreased cyclin D1.
Cyclin D1 is primarily cytoplasmic in 3D collagen culture Since cyclin D1 is regulated by multiple mechanisms, including changes in subcellular localization [24] , its localization was also assessed. Interestingly, cyclin D1 was predominantly nuclear in 2D cultures and predominantly cytoplasmic in 3D cultures (Fig. 3a) . Generation of a heat map to show staining intensity (Fig. S1 in Supplementary material) emphasizes cyclin D1 absence from the nucleus in 3D cultures. Since cyclin D1 exhibits its regulatory function in the nucleus, its presence in the cytoplasm indicated a potential continued activation of Rb and thus transcriptional downregulation of cyclin E1, consistent with the decrease seen in cyclin E1 mRNA. To investigate if cyclin D1 cytoplasmic localization affected phosphorylation and thus activity of Rb, western blotting was performed using an antibody recognizing Rb phosphorylated on Ser780, a cyclin D-cdk4/6 phosphorylation site [25] . Ser780 phosphorylation was decreased in 3D as compared to 2D cultures as was total Rb (Fig. 3b) . There was also a significant increase of phospho-Rb in 2D collagen compared to 2D plastic, consistent with increased Ki-67 (Fig. 1d) in 2D collagen cultures. Fig. 1 3D collagen The transcription factor c-Myc is expressed in response to extracellular signals such as mitogens and adhesion and induces expression of cyclin D, cdk4, and E2F, among others. c-Myc was also reported to upregulate cyclin E1 in response to 2D collagen attachment [26] . Therefore, we monitored c-Myc protein level, to determine if it was affected by 3D collagen culture. 3D collagen culture decreased c-Myc by 26% compared to 2D cultures (Fig. 3c) consistent with the increased G 1 population, decreased Rb phosphorylation, and decreased cyclin E1 mRNA.
In addition to transcriptional control, cyclin E1 mRNA stability is positively regulated in breast cancer cells by the RNA binding proteins HuR and CIRP [17, 27] . To ask if regulation of these proteins could also underlie changes in cyclin E1, we assessed their relative protein levels. Western analysis showed no significant difference in HuR while CIRP was decreased by 30% in 3D as compared to 2D cultures (Fig. 4a) . CIRP and HuR localizations were also assessed as they shuttle from nucleus to cytoplasm to stabilize their mRNA targets [28, 29] . While HuR was primarily nuclear in all conditions, CIRP was cytoplasmic in 3D cultures (Fig. 4c, d ). Despite this, cyclin E1 mRNA stability was not significantly altered by 3D culture (Fig. 4b) showing that mRNA destabilization did not contribute to the decrease in cyclin E1 mRNA. It is possible that either the decrease in CIRP or its relocalization to the cytoplasm represses cyclin E1 translation [30] or affects other CIRP target mRNAs to stall G 1 phase progression [31] .
We next asked how 3D collagen could activate signaling pathways that result in downregulation of cyclin E1. Cellular interactions with collagen matrices are mediated by specific receptors, including integrins, with a 2 b 1 integrin being the primary heterodimer on epithelial cells [32] . Western blotting for b 1 integrin was performed to see if levels differed in the three culture conditions. As shown in Fig. 5a , there was a marked increase of b 1 integrin in 3D collagen. We always saw two bands on b 1 integrin immunoblots, similar to reports by others and to other cell lines (BD Biosciences, San Jose, CA). As it is possible that both bands represent b 1 integrin, but with different posttranslational modifications, we included both bands for quantitation of b 1 integrin level. As a 2 b 1 integrin is a collagen I receptor responsible for delivering ECM signals to the cells [12] , and the cells were surrounded by collagen I, increased b 1 integrin was likely a functional adaptation to this environment.
To determine if reduced cyclin E1 expression required b 1 integrin interaction with collagen I, a function-blocking antibody (AIIB2) that binds b1 integrin extracellular domain was used to disrupt b 1 integrin association with collagen [18, 19] . Cells were cultured in 3D collagen for 24 h and then treated with AIIB2 or IgG 1 (mock) for 2 h. Cyclin E1 increased by 34% after blocking b 1 integrin function, and cell proliferation increased by 10% compared to the mock group (Fig. 5b, d ). Despite the increase in cyclin E1, cyclin D1 remained cytoplasmic upon inhibition of b 1 integrin (Fig. 5c ), suggesting that cyclin E1 response to blocking b 1 integrin function differs from that of cyclin D1. Notably, there was a dramatic morphological change from spindle to rounded cell shape after treatment, indicating that AIIB2 disrupted cell attachment. Cell rounding was also observed in 2D cultures treated with AIIB2 ( (Fig. 6) . The increased phospho-Rb and c-Myc were in agreement with increased cyclin E1 and increased cell proliferation upon inhibition of b 1 integrin function. Given the dramatic change in cell shape, it is possible that at least some of these effects resulted from the multiple downstream changes that occur due to the cell shape change. In order to determine if a 3D collagen I environment regulates the cell cycle of other breast cancer cell lines as it does that of MDA-MB-231 cells, we assessed effects on MCF-7, SKBR3, and Hs578T breast cancer cell lines. MCF-7 and SKBR-3 cells were both derived from pleural effusions of adenocarcinomas and are luminal subtype, while Hs578T cells were derived from a patient carcinosarcoma and, similar to MDA-MB-231 cells, are basal B subtype and invasive. Figure S3 (Supplementary material) shows that of these cell lines, only MCF-7 cells downregulated cyclin E1 in response to 3D collagen culture, as compared to culture on 2D plastic. SKBR3 cells showed minimal change while Hs578T cells increased both cyclin E1 and cyclin D1. Interestingly, b 1 integrin decreased in 3D collagen in the non-invasive MCF-7 and SKBR3 cells, but increased dramatically in invasive Hs578T cells. Phospho-and total Rb decreased in all three cell lines in 3D culture (Fig. S3 in Supplementary material), and cyclin D1 was again primarily cytoplasmic in all 3D cultures (Fig. S4 in Supplementary material). These results show that cyclin E1 regulation by 3D collagen culture differs among diverse breast cancer cell lines, but regulation of cyclin D1 appears to be similar.
Discussion
We have shown that a 3D environment composed of collagen I suppresses proliferation of a highly aggressive human breast cancer cell line. The suppression of proliferation resulted from a delay in S phase entry from G 1 and an increase in G 0 cells. Both cyclin E1 protein and mRNA were decreased, consistent with the inhibition of G 1 /S transition, while cyclin D1 protein level was not affected. There was a dramatic shift in cyclin D1 localization from primarily nuclear to cytoplasmic in 3D collagen, decreased phosphorylation of Rb, a decrease in total Rb and c-Myc proteins, and a dramatic increase in b 1 integrin, a component of the collagen I receptor in epithelial cells. Inhibition of b 1 integrin function in 3D collagen increased cell proliferation and expression of cyclin E1, Rb, phospho-Rb, and c-Myc, while cyclin D1 remained cytoplasmic. These results show that cyclin E1 can be negatively regulated by the ECM downstream of b 1 integrin, bypassing cyclin D1.
In contrast to the results with the highly invasive MDA-MB-231 cells, three other breast cancer cell lines CI . The relative quantity of phospho-Rb, total Rb, or c-Myc protein was calculated as in Fig. 2b responded disparately to 3D collagen culture. Invasive Hs578T cells upregulated b 1 integrin but also increased cyclins E1 and D1. Like MDA-MB-231 cells, non-invasive MCF-7 cells downregulated cyclin E1, but unlike them, downregulated b 1 integrin. This downregulation of b 1 integrin (also seen in SKBR3 cells) is similar to what would be expected for normal ME cells cultured in 3D collagen as b 1 integrin has been implicated in positive regulation of ME cell proliferation both in vitro and in vivo [33] , and is necessary for formation of mammary tumors in murine models [34] . Disruption of b 1 integrin function results in decreased ME cell proliferation in a transgenic mouse model [35] and in both 2D and 3D tissue culture models [36, 37] . Proliferation of an ME cell line on 2D collagen was positively regulated via b 1 integrin induction of c-Myc through activation of the Src and MAPK signaling pathways [38] . c-Myc upregulated cyclin E1 expression, downregulated the cyclin-dependent kinase inhibitor (CKI) p27, and increased phosphorylation of Rb by cyclin E/cdk2 complexes [26] . Similarly, in normal primary human ME cells, a 2 b 1 integrin interaction with a 2D collagen matrix stimulated expression of cyclin E1 and cdk2 as well as cyclin E1/cdk2 complex formation [12] . Consistent with these studies, we noted that 2D collagen culture also increased proliferation of MDA-MB-231 breast cancer cells, while blocking b 1 integrin reduced proliferation. Likewise, when MDA-MB-231 cells were cultured in 3D Matrigel, a reconstituted basement membrane composed mainly of collagen IV and laminin, the addition of inhibitory b 1 -integrin antibody reduced proliferation [19] and reverted the malignant phenotype of HMT3522-T4-2 breast cancer cells [39] . In contrast, nontumorigenic ME cells that form acini-like structures in Matrigel were resistant to b 1 integrin inhibition [19] . Neither inhibiting apoptosis nor enhancing proliferation blocks lumen formation in these epithelial structures, indicating that nontumorigenic ME cells and breast cancer cells exert different mechanisms to maintain their phenotype in the same environment [40] . In contrast to 3D Matrigel, we show that 3D collagen culture inhibits proliferation of MDA-MB-231 cells and blocking b 1 integrin function rescues this inhibition. Similar to the above studies, the mechanism is at least partly via direct regulation of cyclin E1, as b 1 integrin inhibition restores cyclin E1 expression as well as expression of c-Myc and phosphorylation of Rb without influencing cyclin D1 level or cytoplasmic localization. Thus, our results also implicate c-Myc in transcriptional regulation of cyclin E1 and cyclin E1/cdk2 in phosphorylation of Rb in this cell line. Results similar to ours were reported for arterial smooth muscle cells, which arrest in G 1 on the surface of polymerized collagen I and proliferate on monomer collagen [10] . In this study, the CKI p27 was induced and suppressed cyclin E1/cdk2 without changing cyclin E1 level. Although cyclin E1 was not studied, 3D collagen likewise arrested glomerular mesangial cells at G 0 /G 1 phase [42] , associated with downregulation of E2F and its targets, including c-Myc, and dephosphorylation of Rb. Our findings add to these by showing that b 1 integrin interaction with collagen I can lead to negative regulation of cyclin E1, c-Myc, and Rb. We did not address the role of CKIs such as p27. p27 is expressed at differing levels in these cell lines [43] ; thus, we cannot rule out a possible role in inhibiting cyclin E/cdk2 and/or other cyclin/cdk complexes in 3D collagen, contributing to decreased proliferation.
To our knowledge, this is the first study to show cyclin D1 cytoplasmic localization in response to 3D collagen. This cytoplasmic localization was consistently seen in the four cell lines studied. Cyclin D1 overexpression in cancer is often caused by disruption of its degradation [44] , which has been shown to accelerate mammary carcinogenesis. At the G 1 /S boundary, cyclin D1 is phosphorylated by GSK3b followed by nuclear export to the cytoplasm, where cyclin D1 is recognized by SCF Fbx4/aB-crystallin ligase, ubiquitinated, and targeted to the 26S proteasome. Knockdown of either Fbx4 or aB-crystallin inhibits cyclin D1 proteolysis and leads to its nuclear accumulation and cell transformation [45] . MDA-MB-231 cells lack aB-crystallin due to a chromosomal deletion [46] . In light of this, the observation that in 3D collagen, cyclin D1 changed from being primarily nuclear to cytoplasmic and remained there after integrin inhibition in MDA-MB-231 cells, was surprising. Our results suggest that cyclin D1 may be phosphorylated by GSK3b in response to a 3D collagen environment, resulting in its inactivation by nuclear export. The ability to directly regulate cyclin E1 in the absence of nuclear cyclin D1 may be an adaptation of MDA-MB-231 and other breast cancer cells to regulate survival and growth in a primarily collagen environment after invasion and during metastasis.
We had shown previously that the RNA binding proteins HuR and CIRP stabilize cyclin E1 mRNA, contributing to its overexpression in breast cancer cells. As microenvironment affects mRNA decay [47] , we asked if these proteins decreased in 3D collagen cultures. HuR did not change, but CIRP decreased and relocalized to the cytoplasm upon 3D collagen culture. Despite this, cyclin E1 mRNA half-life was not changed, suggesting that if the changes in CIRP contribute to cyclin E1 downregulation it is via another mechanism [30] , or effects on other targets.
In summary, our studies show that a 3D environment composed of collagen I can control the cell cycle in part through regulation of cyclin E1. In highly invasive MDA-MB-231 cells this regulation is through b 1 integrin-activated signaling pathways that decrease c-Myc and ultimately result in downregulation of cyclin E1. The downstream signaling pathways as well as the control of b 1 integrin function in differentially affecting proliferation need to be further investigated, as do the inherent differences in breast cancers.
